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Fig. 1. Particle escape problems from a semi-open system. A
particle initially in the eigenstate of an infinite potential
well of width a is released at ¢ = 0 and tunnels into open
space when the right barrier is suddenly switched off, and
the N §-barrier on the right form a semi-Dirac comb with
the original well. The probability density is shown for ¢t = 0
and 10tg.
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Fig. 2. (a) The survival probability of the five initial states with the lowest energy for single barrier (N = 1) with strength
h = 10hg; (b) the decay rate of the particle (black dotted lines) in short-term becomes faster for higher energy level; (¢) in the me-
dium-term, the decay rate of the particle (black dotted lines) does not change with n; (d) the equilibrium value (In S ) of the sur-

vival probability after the long-term decay decreases as the energy level increases.

WHE S ~ e~ IR AR RO E— B 1)), #
RASHY AL 2 LA RS ) ) 8 AT e
S(t) B TEBBEAH— I 1] ) SO FEAS R 2
BN [ DX [R] T 2 2 A A8, IR BEE W1 2 4R
X S e DX IR 3R 57 2 BRI SR IR
TS EAY, AR RSB RIE th T RGeS
HA TR BN Ea5m B h 2 R 3 ks 5
FTEBF R LR AT i3 2 Rt 2x 1k 31
[FIREAIRCR, LU IHe 22001 s R PR Y

L2l

3.2 ZINHEZ

HoETHe R R AR Z A2l TR
PR B UL 75 RERI AR AL T L 25 o 1] 5 42 5 41
N h BN = 1042 A A~ 25 8] 1 k5% ).
Bl 4 25 T AR RN h = (5,15,50)ho i, 2

BREYn = VR A A7 JL R B IS B) 8 AL A T T
PUAS 43l 7R T AN [R) s TR B A 1) k15 0
A LLE A RRR A/ (h = bho) B, BT8R %8
Bk, BEE TR K, A LR T R IR R
B ) AN B B35, I ELZEAR A I ) O AR, 4R
5 R BE Bt b B 389 Kt R K. FRATT B B e st
t=0—120t0 1, =PI 2R IE L F AT R A A7
JLAGMAE t &~ (20,40, 110)t0 22 T UG, TTIG
5 7 B [ Bt A 2R ik B 184 0. A1 B AR T LA
8 A B 206 A A7 TLR S B AH 2 = e, 18] 4
Hra] s 2 ¢ = 300t — 600t , SREAHKARICH T h =
50ho BPRLT-A: A7 TLAR IR fo e A, IR O Rz 11
B ] 4 tmax = 394t0, In Smax [E 4 —0.8543, Ik
HEAFILFIR BN T WIHRAS I 42.56% ; K] ¢ = 4800t —
6000t B, A= A7 JLAR P AE fm i 4R i, 7 S 2L 21
AR TT AR SR R i B IR

167302-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 167302
0 0 r====——=—
—h=10 | | N T T
— h =20
h =30
— h =40
2 30t 2 ot
0.10
~0.05
010 40
(a) h (®)
—60 L L 4 L L
0 2000 4000 6000 0 10 20 30
t/to t/to
0
—40
3
n
S
745 L
10 40
h
3 2 —30f
(c) (d)
—60 L 1 —60 L '
300 1200 2100 3000 3000 4000 5000 6000
t/to t/to

3 (a) BANSREEA b = (10, 20,30, 40)ho M 2R FE S AEAFILE (n=1); (b) MEHE AL, B0 LA R 7 1 2 BOR B &
B2 B 3G TS/ () o BT 20, P DR s PR B R () KR B, L T 2B A7 TLR IR 5 T T (Bl 5 34 22 s

RPN %N

Fig. 3. (a) The survival probability of the initial ground state (n =1) when N =1 and the barrier strengths h = (10,20,
30,40)ho; (b) the decay rate of the particle (black dotted lines) in the short-term decreases with the increase of the barrier

strength; (c) particle maintains a short-term decay rate in the medium-term; (d) the equilibrium value of the particle survival prob-

ability after the long-term decay decreases with the increase of the barrier strength.
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Fig. 4. (a) The survival probability of the initial state with the lowest energy for N = 10 identical barriers for three barrier

strengths h = (5,15,50)ho; (b)-(d) are short-term, medium-term, long-term behavior, respectively. The black circle in panel (c) in-

dicates the highest point of oscillation of the survival probability for h = 50hg.
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Fig. 6. The survival probability of the particle for N =10 and N = 100 barriers with randomly distributed strengths. Here

Ahg = 0 denotes the case of regular barriers without disorder. All data in this figure are averaged over 100 disorder realizations of
the barrier configuration. (a)(b) Amin = 10ho, Ah1 = 3ho, Aha = 9ho; (¢), (d) hmin = 40, Ahy = 5ho, Ahg = 35hg.
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Abstract

We investigated the tunneling properties of a particle in a semi-open system. Starting initially from the
eigenstate of the particle in the one-dimensional infinite well, we quench the infinitely high barrier on the right
into a series of § barriers to observe the survival probability which is defined as the fidelity to the initial state.
This constitutes a semi-Dirac comb model consisting of an infinitely high wall and multiple equally spaced ¢ -
potential barriers. We first solve the exact analytical solution of this model and obtain the closed analytic form
of the eigen function expressed by a recursive relation. For a single barrier, multiple potential barriers, the
disordered potential barriers, the closed-form expression of the survival probability i.e., the initial state fidelity,
is given for any evolution time and it is used to reveal the mechanism of the particle escape process. The
dependence of survival probability on the strength of barrier, number of barriers, and disorder strength is
calculated numerically based on fast Fourier transform method. The relevant parameters are used to control
and suppress the particle escape problem. We found that for a single ¢§-potential barrier, the survival
probability of the particle follows different trends in different decay time ranges. The particle in the ground
state or excited states decays exponentially in a short time. After some time, the decay of the excited state will
proceed with the same decay constant as that of the ground state. Finally, the survival probability follows a
long-time inverse power law. The curve changes abruptly at different decay time intervals and is accompanied
by significant oscillations. These oscillations in the transition region are caused by the interference of the
exponential rate and the inverse power-law term, while the long-time non-exponential decay is due to the fact
that the system energy spectrum has a lower bound. Increasing the barrier strength will greatly increase the
probability of particles remaining in the well.

For multiple potential barriers, the reflection and transmission of particles between the potential barriers
interfere with each other. When the strength of the potential barrier is small, the particle still decays
exponentially. For a larger potential barrier strength, the probability of particle reflection increases, and the
particles that tunnel out may be bounced back. The survival probability oscillates sharply, reaching higher
fidelity at certain moments. The oscillatory maximum of the survival probability decreases linearly with the
number of barriers, while the moment corresponding to the oscillatory maximum shows a parabolic increase
with the number of barriers. The introduction of a series disordered barriers can significantly improve the
survival probability and greatly suppress its oscillations over time.

Our calculation is expected to find applications in quantum control of particle escape problem in the

disordered system.

Keywords: semi-open system, quantum tunneling, survival probability, disorder system
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